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,'1 ABSTRACT 
Every highway department ia confronted with the problem of 
deterioration of concrete bridge alaba as well as reduced akld real•· 
tance and unacceptable wear rates of their surfaces. Various method• 
t 
have been tried to protect the bridge deck surfaces, but all the exis-
ting methods alleviate the problem temporarily. Eventually, the systems 
break down, resulting in penetration of salt solution corrosion of 
reinforcing steel and spalling of concrete. 
One approach to stop the deterioration would be to seal the 
concrete by filling voids, capillaries and cracks in concrete with 
impermeable solid substance that would prevent penetration of salt 
solution. Polymer impregnation of concrete demonstrates excellent 
strength and durability properties that would ideally combat the 
highway concrete problem. Techniques for achieving deep penetrations 
have been demonstrated recently by Lehigh using a combination of 
rigourous drying and pressurization of monomer. However, there still 
exists considerable room for simp~ification and improvement of the 
Qverall process, with consequent savings in time and cost. The purpose 
of this work is to describe successful preliminary experiments with two 
possible new approaches. The· use of a pressure-111at te~hnique for 
impregnatio.n with organic and other materials and the use of su.lfur 
as an impregnant. Both methods show exce.llent promise· to econ(?mize, 
simplify and rationalize the field techniques developed so· far. 
• 
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INNOVATIONS IN IMPRBCNATION TECHNIQUES 
FOR HIGHWAY CONCRETE 
l. Introduction 
Every highway department is confronted with the problem of 
deterioration of concrete bridge slabs, as well as reduced skid-resis-
tance and unacceptable wear rates of their sutfaces. In large part, 
this deterioration is the result of cracking and spalling of the con-
crete, which in turn is the result of its property deficiencies--high 
permeability, low strength, poor durability, sensitivity to freezin~• 
and thawing. The extensive use of deicing salts during winter increases 
the salt concentration in the bridge deck to a critical level, so that 
it permeates through the surface cracks and the highly-permeable con-
crete surface layer down to the reinforcing rods and causes their 
corrosion. lbis corrosion is aggravated by successive freezing-and-
thawing cycles which cause subsurface fractures and surface potholes 
in the concrete. Other mechanisms of deterioration are also operative, 
e.g., differential expansion and contraction and high wear rates due 
to high traffic loads and studded tires. 
Various methods have been tried to protect the bridge deck 
surfaces, e.g., waterproofing the surface with coatings, membranes, 
or overlays, coating the reinforcing steel with epoxy resins, and re-
patching the potholes. All of these methods alleviate the problem 
temporarily, but none shows promise of long-term protection or reduc-
tion in repair costs. Eventually, all of the systems break down, 
resulting in penetration of salt solution, corrosion of the reinfo.rcing 
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1teel, and apalllng of the concrete. nae apalling--the primary cauee 
of this deterioration--could be prevented if the macrocracka, m1cro-
porea, and microcapillariea of the concrete layer above the reinforcing 
steel were sealed w'ith an impermeable solid substance that would pre-
vent penetration of the salt solution. 
One approach to achieve this objective is the use of polymer-
impregnated concrete~l-l9) In this approach, previously-cured concrete 
is dried to remove the water from its void spaces and impregnated with 
a liquid monomer or prepolymer which fills these voids; then, the 
monomer or prepolymer is polymerized to form an interpenetrating net-
work of polymer throughout the concrete. These polymer-i.mpregnated-
concrete composites have been shown to be impermeable to water and salt 
solutions, and to have superb resistance to freezing-and-thawing, 
chemical attack, and abrasion; moreover, their compressive, tensile, 
and flexural strengths are about 300% greater than those of unmodified 
concrete. 
Although these excellent properties of polymer-impregnated 
concrete have been demonstrated in the laboratory, the technology for 
its application to bridge decks in the field has not yet been developed. 
,The ultrafine pore structure of concrete makes it difficult to dry and 
impregnate thick concrete slabs to a sufficient depth. The problem is 
complicated by the fact that the methods that were so successful in the 
laboratory are not directly applicable to the fields, e.g., the bridge 
deck cannot be put into an oven for drying or into a pressure chamber 
for impregnation. In the field, the drying and impregnation of the 
-3-
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alabs would almost certainly have to be accompliahed from one aide of 
the slab. 
Earlier work at the Brookhaven National Laboratory and the 
U.S. Bureau of Reclamation(l-J,S) and the University of Texas at Austin 
( 7 ,S) showed that 2-inch (5-cm) penetrations of new or badly-deteriorat• 
ed decks could be achieved within a reasonable time by surface-drying 
and monomer-ponding (i.e., impregnation at atmospheric pressure) 
techniques. The goal of the Lehigh-Pennsylvania State University 
team~ 6) however, has been to achieve a 4-inch (10-cm) penetration in 
sound salt-contaminated decks. Such a penetration would allow the 
interpenetrating network of polymer to envelope the top layer of rein-
forcing steel and seal off the capillary channels of the concrete, to 
prevent the permeation of salt solutions and subsequent corrosion of 
the steel. 
Techniques for achieving deep penetration have been demonstra-
ted recently(l3,I 7,IB) by the Lehigh-Pennsylvania State University team, 
at least in a small scale, using a combination of rigorous drying and 
either ponding or pressurization of the monomer. 
Even with the successful methods discussed, there is con-
siderable room for simplification and improvement of the overall process, 
with consequent reduction in time and cost. The purpose of this work 
is to describe successful preliminary experiments with two possible 
new approaches: the use of a pressure-mat technique for impregnation 
with organic and other materials, and the use·of sul;fur as an impregnant. 
-4-
2. Rubber•Pre11ure Hat Experiment• for Deep Penetration of Monomer in Dried Concrete Slab 
2.1 General Approach 
Pre 1 iminary i.mpregnat ion experiments were conducted ua ing a 
patterned, flexible rubber pressure-mat with methyl methacrylate 
monomer (MMA) and water as impregnants. The basic hypothesis of 
pressure mat impregnation is in two parts: (1) the monomer is initial-
ly held by surface tension in the cells of the mat and (2) the trapped 
monomer is then forced into the substrate under mechanical pressure 
(e.g., by the action of a heavy roller or other mass), the cells now 
being sealed under pressure by the rubber web. 
2.2 Concrete Slabs 
Three 2'x2'x6" concrete slabs were cast, using a conventional 
non-air entrained 1.00:1.92:6.10:6.75 water-portland cement (type!)--
coarse sand-limestone aggregate (1 in maximum) mix with a cement 
factor of 485 lb/yd3 and 28-days-average compressive strength of 4750 
• in. The psi. The measured air content was 3% with a slump of 2.5-3.0 
slabs were given a normal trowel finish and were cured in a fog room 
(90-100% relative humidity) for at least 28 days prior to use. All 
slabs contained a nominal steel reinforcement at a 4-in depth. 
2.3 Impregnation 
For the initial experiment, a well seasoned common rubber 
doormat (16"x20") was used, with the cell pattern shown in Fig. 1. 
r.n subsequent experiments specially molded Neoprene rubber mats 
(70 durometer hardness) were used with similar patterns. The general 
... 
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experimental ate-up la 1hown lo Fig. 2. A hydraul tc teeter va1 uaed 
to apply the pressure, and a atcel loading plate to tranamit the ram 
pressure to the mat; the plate waa slightly smaller than the mat. 
A dike made of an elastomeric sealant was clamped between a steel frame 
and the concrete slab by 6 C-clamps, and used as a reservoir for the 
impregnating liquid. 
During each load cycle the load was increased from Oto 30 
kips (125 psi) over a 15\"xlS\" area within a period of 22 seconds, 
and then released within 8 seconds. A break-in time of 30 seconds 
was provided to simulate the passage of a roller over a particular 
cross section of a mat, in which case the load first increases from zero 
to a maximum, and then decreases over the same area. At the start of 
each loading cycle, the loading plate gripped the mat on the slab and 
thus trapped liquid which had flowed in under the mat area. The liquid 
was then pressurized until at the maximum load a maximum pressure was 
reached. Under this peak pressure liquid was seen to squirt out through 
a side crack of the slab (the only crack observed). This indicated 
that liquid was definitely forced into the concrete at high pressure 
and that efficient pressurization was obviously effected in the diamond 
patterned cells. The liquid reservoir was replenished hourly. 
During the pressurization cycle the liquid level in the 
framed area was seen to rise slowly as the rubber mat was squee.zed 
by the loading head. When the load was released, the liquid level 
in the dike immediately dropped as the liquid rushed under the mat and 
filled the cells, thus making them, ready for the next ·load· cycle. The 
-6-
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single crack waa observed closely during the whole loading-unloading 
cycle, and found not to open up even under peak load; the liquid 
squirted out only when the maximum pressure was reached. 
Figure 3A illustrates the load cycles used for slabs I and 
II, impregnated with MMA and water respectively, while Fig. 3B illus-
trates the cycle used with slab III, impregnated with MMA. 
With slab I (MMA), a total of 425 cycles were applied in 
approximately 6.5 hrs., giving an effective pressurization time (ex-
cluding break-in time) of 3.25 hrs., and equivalent pressure of 60 
psi. Under these conditions, approximately 6 lb. of MMA were obtained 
in the 2'x2'x6" slab. 
From the formula developed early for predicting penetration 
depth, a penetration of up to 3% to 4" was anticipated. 
Since the first rubber mat used w·as made of reclaimed rubber, 
it was gradually attacked by the methyl methacrylate monomer. After 
about~ hrs. the center of the mat (bearing the "Welcome" sign), the 
weakest area was completely torn; literally, the welcome was worn out. 
Since hereafter the impregnation became more and more ineffective, the 
experiment was terminated after 6% hrs. as no further monomer seemed 
to be absorbed by the slab. In subsequent experi~ents, however, the 
specially molded Neoprene mats have proved to be resistant to MMA. 
With slab II (water), a total of 710 cycles of the type and 
duration shown in Fig. 3A were applied in 10 hrs. with a maximum load 
' 
of 24 kips on the loading area (equivalent to 100 psi at maximum load). 
-7-
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n,c, equivalent time aod pro11un, for loading wore S hr•. at SO pet 
average preaaurc. 'nle amount of vater impregnated Into the alab vaa 
7 lba., corresponding to an approximately 41.t•• depth of loading (aa-
auming the filling up of all pores with water). 
With slab III (HMA), 62 cycles of the type shown in Fig. 38 
were applied within 5 hrs. 11le loading cycle consisted of 30 seconds 
of loading to a maximum load of 100 psi, keeping the load constant for 
four min., and unloading within 30 seconds. A total of 62 cycles were 
performed. 
2.4 Polymerization 
After impregnation, each slab was mounted on a pedestal, a 
steam chamber placed on top~lB) and steam applied for 6 hrs. (Fig. 4). 
The whole assembly was wrapped with burlap and plastic sheets to con-
serve heat. Before mounting the chamber, some excess monomer (1 lb) 
was sprinkled over 2\ lbs. cement levelled evenly on the slab area in 
order to minimize loss of monomer by evaporation. Single-ply aluminum 
foil was then placed over the cement and a gasket was placed between 
the chamber and slab. The steam pressure was 6-10 psi at the pressure 
cooker source; the surface temperature of the slab was 220°F. The 
pressure cooker was heated with a single propane torch fed with propane 
gas from a tank at 2-3 psi. 
2.5 Discussion of Results 
On preaking open, the first slab (impregnated with MMA), 
.a band of full impregna~ion to a. depth of six inches was obtained in 
-8- . 
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t.he central 6" region for the full length of the slab. Around tht1 
central region, in the mat area, the impregnation had taken place to 
approximately 2" (Fig. 5). Outside the pressure-mat area, the depth 
of impregnation due to monomer ponding under atmospheric pressure 
was less than or equal to one inch. The deterioration of the "Welcome0 
in the central region indicated that especially high stress had been 
developed in the central area. Thus, instead of obtaining 3% to 4" 
of uniform penetration of the slab, a depth of 6" was obtained in the 
central region and 2" in the outer regions. 
On breaking open the slab impregnated with water, the 
predicted depth of penetration was confirmed. A uniform faint but 
noticeable color difference was observed for the top 4\ inches of the 
slab which looked grey as compared to the white bottom l\" of the 
slab. Without the pressure, only about 1.5 in of penetration would 
have been expected~lS) 
With slab III (impregnated with MMA), 3" diameter cores were 
taken. On breaking open four of the cores, dense and uniform impreg-
nation was observed up to four inches (average 3-3/4") with fracture 
characteristically through the aggregates, Fig. 6 shows the non-acid-
etched and acid etched sections of a core. A distinct oifference in 
fracture mode between the impregnated region up to the reinforcement bar 
(4") and the unimpregnated · lower region is easily observed. Also 
very good acid resistance was obtained in the impregnated region, as 
shown in the figure when treated core were immersed in 15% solution of 
hydrochloric acid until reaction was complete. Four·cores were dried 
-9-
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at 250°F for 72 hrs. and then 1anerecd in a 2° pool of water for 24 
hra. with the polymer treated face down to determine the water abaorp-
t ion through tl1e impregnated surface. 
'11le slab, which weighed 313 lbs., has an evaporable water 
content of 22.5 lbs., or 7.21. In contrast, the 4 treated cores 
absorbed an average of 0.3% water by weight so that the average reduc-
tion in water absorption of 4 specimens was 96%, indicating the tre-
mendous improvement obtained by this technique which is quite comparable 
to the results obtained from pressure impregnation chamber technique 
(17 18) described previously. ' Another point worth noting is that the 
same task of impregnation to four inches was accomplished in 62 cycles 
with slab III as compared to 650 cycles for slab showing that in prac-
tice the number of passes for a roller could be cut down by following 
the loading cycle shown in Fig. 3B. 
These experiments confirmed my hypothesis that deep and 
efficient impregnation can be obtained with a pressure-mat technique. 
This new technique may in principle eliminate some of the limitations 
associated with pressure impregnation (rather elaborate procedure) 
and ponding (rather slow). More experiments are obviously required 
in order to refine this technique using different pressure cycles and 
monomers. 
2.6 Pressure Mat Impregnation in the Field 
The pressure-mat technique may be expected to be more ef-
ficient in the field than in the simulated laboratory set~up. I-n the. 
-10-
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field, the loading cycle followed would be of the type 1hovn ln Fig. 
38 where the roller ta moved in auch a way that it ataya on each atrlp 
for some time in order to exert longer maximum pressure. The uae of 
a 15 to 20 ton roller is expected to cut down the time required for 
ponding method approximately by 75l. 
In practice, it should be possible to impregnate a bridge 
deck (presumably one land width) using a large mat to cover the required 
area and a 15-20-ton roller to apply the pressure. '111is could be a 
practical and relatively inexpensive procedure, requiring only readily 
available equipment. Conceivably, the new technique could be used to 
impregnate large sections or even a whole deck at one time, assuming 
that drying would not be a limitation. 
Schematic sketches for several field pressure mat impregna-
tion procedures are shown in Figs. 7, 8 and 9. To cover the monomer 
during pressurization (and thus minimize evaporation and possible fire 
and health hazards) the mat will be tied to the steel frame forming 
the dike for monomer ponding. The roller will then pass over the mat 
while the liquid is contained in the diked area. A valve will be 
provided to feed the monomer and to equilibrate the pressure. With 
such a mat arrangement, as soon as the roller passes over a particular 
cross-section, the mat will return to its original configuration, thus 
allowing the monomer to flow back into the area being impregnated. 
An elastomeric sealant could be used to seal the diked area, by squeez-
ing it between the steel frame and the concrete deck. The mat will be 
squ.eezed between two plates on the frame to completely seal the monomer, 
-11-
111 1hown in Fig. 7. 
Another variation could be to con.atruct a monomer dike, 
and to uae rollers fitted with a mat which can entrap and seal the 
monomer effectively and pressurize it under its own load during each 
pass (Fig. 8). This will alleviate the problem of making large mats 
to cover extensive areas of bridge deck. 
A third innovative procedure could be to devise the rubber 
mat rollers in such a way that as the area under the roller section 
is sealed effectively under some pressure of roller, the monomer 
will be fed under pressure through the roller until the interior 
pressure counterbalances the weight of roller (Fig. 9). This way no 
monomer ponding will be required and the unit will be self-contained. 
-12-
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3. Sulfur Imeregnation of Dry and Holat Concrete 
3.1 Introduction 
The impregnation of hardened, dr·y 5 cm x 10 cm cylindrical 
specimens of Portland cement concrete with melted elemental sulfur 
(SIC) has already been carried out elsewhere( 20) with an impressive 
increase in compressive strength of up to 25,300 psi (higher than 
typical polymer-impregnated concretes) with only 8.41. loading of sulfur 
• 
by weight (approximately 9% by volume). Since sulfur is about 70 times 
cheaper than methyl-methacrylate monomer and yet SIC has better strength 
properties than PIC, sulfur can therefore be a useful alternative 
to polymer impregnated concrete (PIC)~ 20) Also freeze-thaw resistance, 
and water permeability of sulfur concrete(2l) and excellent resistance 
of sulfur to acids and salts(22 ) suggest that sulfur .may have poten-
tial applications in bridge decks, provided that no steel corrosion 
problems arise due to side reactions with water and oxygen. 
Presently available methods for bridge deck impregnation 
require the following steps: drying, cooling the deck, impregnation, 
and polymerization of the monomer in the pores of concrete. All of 
the four steps are expensive and time-consuming. For example, drying 
at a low temperature (<250°F) requires an inordinately long time and · 
consequently high costs; on the other hand, drying at high temperatures 
(~600°F) reduces the time drastically, but may on a large scale be 
limited by expansion or cracking of the deck. It is possible that we 
may have to follow a practice of drying the deck at a temperature not 
exceeding, say, 300°F. 
-13-
Potential ndvantage1 of uetng 1ulfur ire that it melts ln 
the range of ll3°C-120°C (2JS°F-248°F) and the vtacoaity of the molten 
aulfur remains relatively low, frcxa about 12.S centtp-oae at 120°C 
(248°F) to 6. 6 centipoise at 160°c (320°F). Above thia temperature 
the sulfur becomes dark amber and highly viscous due to polymerization 
(probably undesirable in this case). Also in the polymer impregnation 
of a bridge deck, the high vapor pressure and flanwability of monomers 
requires that the deck be allowed to cool down before impregnation. 
Thus, an enormous amount of energy is irreversibly lost--energy, which 
could be utilized to reduce the viscosity of materials such as tar, 
sulfur, after drying of the concrete, for easy penetration of the 
impregnant (see Sec. 4). Also, such energy could be conserved if 
drying could be effected concurrently with impregnation. 
3.2 Innovative Aspects 
Herein, I propose to combine all the 3 steps of drying, 
cooling, and impregnation, used in the impregnation process into one, 
and to eliminate the polymerization step. The basic idea is to use 
sulfur to dry and impregnate concrete by covering the deck with molten 
sulfur and keep the sulfur in molten state. The underlying hypothesis 
is that sulfur will act as an effective heat transfer medium and dry 
the deck in advance of the penetration front. The sulfur will be kept 
at 300°F-320°F on the surface of the deck to take advantage of both 
the maximum allowable temperature and minimum viscosity attained. Of 
course the,. bottom of the slab will have to be properly insulated to 
minimize the heat losses and the portion to be impregnated kept at 
-14-
the melting point of sulfur to avoid aolidification in the porea. 
When a slab is heated up from the surface, the moisture always 
migrates from hot surface, down to the cool underside and condenses in 
the cooler region. ni1s evaporation-condensation mechanism was observed 
(17 18) in many of our drying experiments ' where water was observed to 
emerge from the bottom surface of the slab. It was therefore hypo-
thesized that as the water migrates downward, the liquid sulfur will 
follow the water migration due to the suction (equivalent to applying 
pressure from surface) created in the pores by downward moisture 
migration [apparently water migrates quickly only if the temperature 
is above 212°F (100°C)]. Here we could take advantages of both the 
internal migration of moisture and heat of the slab to aid the pene-
tration of sulfur into the pores. Here no extra time and effort would 
be needed for impregnation and polymerization. 1he time required for 
the process should be equivalent only to the drying time. If such a 
mechanism is not operative, then the time will be governed by the 
penetration kinetics. Even if the latter proves to be the case, the 
process should still be relatively simple. 
3.3 Impregnation of 3"x6" Concrete Cylinders 
.. 
3.3.1 Impregnation Technique 
In the first experiment 3"x6" cylinder was taken from the fog 
room after saturation, and half immersed in a molten sulfur bath in 
a beaker (Fig. 10). The unit was kept in an electric oven for 45 hours 
at 240-260°F. Thus as the cylinder was heated faster in the bottom 
• half section by the molten sulfur, the migration of moisture towards 
-15-
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the upper surface waa folloved by the riee of liquid sulfur from the 
bottom. 
Additional experiments were conducted using a number of 
3"x6" cylindrical specimens prepared from a conventional non-air-
entrained 1:20:3.42:4.16 water-portland cement (type 1) coarse sand-
limestone aggregate (1 inch or 2.5 cm maximum) mix with 28-day-average 
compressive strength of 4000 psi. The measured air content was 3% 
with a slump of 4% inches. The cylinders were cured in a fog room 
(90-100% relative humidity) for a period of 28 days. 
Impregnation conditions for the additional specimens are 
swmnarized in Table I. Except for the Dl and D2, all specimens were 
immersed moist in the sulfur bath contained in the chamber shown in 
Fig. 12. A propane torch was used to maintain the sulfur bath from 
121°C to 138°C. The Dl and D2 specimens were dried prior to innnersion 
in order to compare with the moist specimens. 
3.3.2 Results and Discussion 
When the culinders were removed from the molten bath and 
quenched in water, a hard, scratch-resistant surface coating of sulfur 
was observed which could not be scratched by nail. On breaking open 
the culinder from first experiment, it was remarkable to find that 
sulfur had penetrated completely through.the cylinder and had followed 
the moisture migration path all the way up to 1 inch from the surface, 
,, 
as indicated by a change in color of the matrix from white to deep gray. 
Thus the molten sulfur did penetrate, follow the water and rise 2 
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lnchea by capillary act ion under the influence of inter·n•l ly generated 
auction (Fig. 11). 
Normally, even after a typical concrete ia thoroughly dried, 
it takes 12-16 hours to penetrate and fully i.mpregnate concrete to a 
depth of 2 inches with MHA (viscosity ~.56 centipose). '!bus with a 
viscosity for molten sulfur of about 9 centipose, it should have taken 
about 96 to 128 hours to fully penetrate 2 inches of conc,rete as 
compared to 45 hours of treatment (assuming the surface tensions for 
MMA and sulfur are about 25 and 56 dynes/cm, respectively). This sug-
gests that suction forces may well have served to facilitate the 
impregnation, though more detailed study of factors such as porosity 
will be needed to confirm the supposition. However, examination of 
a fracture surface indicated that full loading had not been obtained 
throughout. While the fracture path passed through the aggregate 
particles in the outer half-inch shell (thus indicating full loading), 
some aggregate pull-out was observed in the central region (indicating 
a lower loading of sulfur). This was also seen when the cylinder was 
acid-etched; the outer half-inch shell was not affected by 15% hydro-
chloric acid, whereas the core was somewhat affected. Presumably 
full impregnation would require still longer times (the time being 
still short compared to the usual drying-cooling-pressurization system) 
or the use of applied pressure. 
Sulfur loading data for the tests with the.additional speci-
mens are given in Table I, and Fig. 16. After 45 hrs., between 5.2 
and 9.6 vol.% sulfur was taken up, and after 60 hrs., between 10.8 
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and 11.3 vol. i. Table I, Fig. 16 alao reveals, aa expected, a direct 
correlation between the sulfur loading and b,oth the strength and 
decrease in water absorption. The greatest increase in weight and 
strength and decrease in water absorption was obtained for specimens 
treated for 60 hours. 
11le maximum strength obtained was nearly 3 times that of the 
( 1-19) control--an improvement typical of MMA-type PIC, were obtained 
with the 60-hour impregnation. Pre-drying (D-1 and D-2) had no detec-
table ef feet. 
The fact that a high level of loading and reinforcement was 
conferred by the sulfur was evident in observations of fracture be-
havior. Thus during compression testing, all 60 hour specimens failed 
explosively, as does the strong but brittle MMA-impregnated concrete 
(3,10,14,15) i h h . f f . h. h h.b. d wt t e exception o a ew regions w 1c ex 1 ite aggre-
gate pull-out (such as the cores of the less fully impregnated specimens) 
fracture tended to proceed through rather than around the aggregate 
(Fig. 13). The degree of impregnation was also reflected in the acid-
etch behavior (with 15% hydrochloric acid). Figure 14 shows acid-
etched sections of sulfur-impregnated and control concrete after 
compression testing. Note the uniform coloration and uneffected matrix 
of the impregnated specimen. 
Thus, impregnation of concrete with sulfur yields improvements 
in strength, water permeability, acid resistance which are comparable 
to those obtained with MMA. The strength improvement has been noted 
previouslyf20) the lower water permeability and acid resistance do 
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not appear to have been noted before. 
3.4 Impregnation of Slabs 
To simulate the case of actual bridge decks, the impregnation 
of two 2'x2'x6" concrete slabs with sulfur was carried out. The 
experiment with Slab I was to determine the effect of an applied vacuum 
on the rate of penetration; the experiment with Slab II was to determine 
the effect of a higher porosity. 
Slab I was prepared from a conventional non-air-entrained 
1.00:1.92:6.10:6.75 water-portland cement (type I) coarse sand-limestone 
aggregate (1 inch or 2.5 ems maximum) mix with a cement factor of 485 
lbs/yd3 and a 28-day-average compressive strength of 4750 psi. The 
measured air content was 3% with a slump of 2.5-3.0 inches. Impregnation 
was effected in the moist slab by partial immersion in a bath of molten 
sulfur, as shown in Fig. 12; the bath was maintained at a temperature 
between 121 and 138°C, and impregnation was continued for 45 hrs. 
During impregnation the slab was evacuated (25 inches of mercury) 
from the top surface (effective area, 16 inches in diameter) with a 
vacuum chamber of the type shown in Ref. 18. 'lbe vacuum was released 
after 45 hrs., and the slab removed from the sulfur bath and allowed 
to cool down. 
Slab II was prepared from a mix similar to that for Slab ·I, 
to increase porosity, the slab was steam-cured at a low pressure for 
24 hours; and the air content was increased to 8%. The slab was treated 
with sulfur for the same·.period of time of 45 hours using -the same 
~19-
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1ot•up •• tn Flg. 12, except that tho vacuum chM.b·or va• not uaed. 
In•tead tho top aurface va• coverod vtth an ••beatoa aheet to mtnlmi&e 
heat losaea from the top aurface. 
3.5 Results and Discussion 
In the case of Slab I, examination of cores revealed a 
uniform penetration of 3/4 inch was obtained. This depth is about \ 
of the depth predicted by equation 1 and Fig. 7 of Ref. 18. The reason 
for the deviation is probably due to poor wetting of concrete with 
sulfur; the use of vacuum in this case did not appear to be beneficial. 
Better results were obtained with the more porous Slab II, for which 
cores show a uniform penetration of from 7/8 to 1 inch and a half-
inch band of partial impregnation. Figure 15 shows the acid-etched 
and non-acid etched of the sulfur impregnated portions of a core from 
Slab II in which the bands of full and partial impregnation can be 
observed. As noted with cylinders, the fracture occurs through 
the aggregates in the more fully impregnated regions. 
Thus in practice surface ponding with sulfur may be useful 
for the shallow impregnations being considered for new bridge decks 
(or perhaps older decks in which salt has not penetrated far). If 
deeper penetration is required, pressure may be used to facilitate 
impregnation (18). As mentioned above, tests of freeze-thaw stability 
and rebar-corrosion resistance remain to be performed. 
4. Other Non-Monomeric Materials for Hot Impregnation 
It should be possible to use the principles developed in this 
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and previous paper• for impregnation uaing a wide variety of non-
polymer impregnants (22) such aa tar (low vtacoaity), linaeed or ba.rlwn 
hydroxide solutions. The combination of deep-drying or a high enough 
temperature to effect concurrent drying oil*, along with a low materials 
cost could be quite advantageous, especially if a suitable pressure 
mat can be developed. Since the technology of compressing a tar-
asphalt-aggregate mi.x on a road surface is already available, the 
only modification needed is to dry concrete first and use the pressure-
mat to force the liquid into the concrete. The environmental and 
fire hazards should be much less important with these materials than 
with volatile monomers such as MMA. 
Such an overall system would have the following additional 
advantages: (1) reducing the total time required for field work 
since no cooling period would be needed in between drying and impreg-
nation; (2) utilizing the excess heat resulted from drying the deck; 
and (3) eliminating the need for avoiding the need for heating or 
catalysis to polymerize the materials as r~quired for monomer. Further 
research is needed in the laboratory and the field to evaluate such 
systems with respect to the current MMA system, and, specifically, 
evaluate performance with respect to freeze-thaw and rebar corrosion 
resistance. 
5. Conclusions 
*Linseed oil is, strictly speaking, polymerizable, but polymerization proceeds in the presence of oxygen, without the need for thermal cata-lysis. Under the conditions proposed, i~ need not necessarily poly-
• merize. 
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Pral 1mtn.ary exporlmont1 vtth tvo nov approacho1 to tho 
lmprognat1on of bridge decka con.atettng of rubber-preaaure mat improg-
oation (with HHA) and sulfur impregnation of moist concrete ehov 
excellent promise for economizing, simplifying and rationalizing the 
laboratory field techniques developed so far. Further work ia continue·d 
in this area as they show promise of easy adaption for the large scale 
impregnation of bridge decks, highways and air field runways. 
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6. Tables and Figures 
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Table 1 Process Data for Sulfur Impregnation of Cylindrical Specimens Spec* Weight Treatment Approximate** 1ft (Grams) Time % Loading (Hours) of Sulfur 
W-1 1689 45 7. Bio W-2 1716 45 9.6 W-3 1660 45 6.0 w-4 1740 60 11.1 w-s 1743 60 11.3 W-6· 1736 60 10.8 W-7 1739 60 11.0 D-1*** 1746 60 10.8 D-2*** 1740 60 10.9 C-1 1681 
--
--c-2 1681 
--
--C-3 1698 
--
--C-4 1680 
--
--W-8 1701 45 8.6 W-9 1657 45 5.8 W-10 1694 45 8.2 c-s. 1670 
--
--C-6 1685 
--
--C-7 1665 
--
--
*W = specimens immersed wet in sulfur D = specimens immersed dry in sulfur C = control concrete specimens 
Water 
Absorbed 
(Grams) 
36 
17 
41 
3 
7 
4 
3 
2 
3 
111 
117 
118 
114 
11 
47 
18 
120 
116 
--
3"x6" Concrete 
% Strength Reduction 
in Water Compressive Absorption 
69 6400 
85 6710 65 5170 97 10500 
94 8850 97 8740 97 9840 
98 920·0 
97 8740 
-- 3680 
-- 3960 
-- 3900 
-- 3892 91 
59 
16 
--
--
--
**calculated from column 2 entries and average dry weight of C-1 to C-6 specimens (1566 gms) ***lqading is accurate,· dried specimens weighed before immersion in sulfur 
(pai) 
Tea•ile 
693 
470 
582 
40·6 
368 
406 
Fig. 1 Rubber Pressure Mat with Diamond-Patterned Grooves Used for Pressure Impregnation 
' . ' -
- ' ( 
Fig. 2 Experimental Setup 
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Loading Area = 240 sq. inches 
\ Lood,ng Cycle -- Unloading Cycle 
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Fig. 3a Load.ing-Unloading Cycle Used in the Experiment . . . 
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50 
• 
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. .. 
. ... ., ... ·..•...... 
~-t:ig·. 3b l,oading Cycle for Slab III and Field Pressure-lfat Imµregnation Using Roller Equipment 
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Fig. 4 Set-Up for Steam Polymerization of MMA-lrnpregnated Slab 
· Fig. 5 Appearance of Part of Slab Broke Open After Pressure Mat Impreg-nation and Steam Polymerization. Note: The Full Depth of Impregnation 
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Fig. 6 Acid Etched Section (Left) and Non Acid Etched Section 
from Polymer Impregnated Slab III Core 
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Fig. 7 Conceptual Setup of Roller-Pressure Mat Impregnation in 
Field: Method 1 -
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Fi . 10 Sketch of Experimental Set-Up for Impregnation of Sulfur . into Moist 3"x6" Concrete Cylinder 
Fig. 11 A View of the 3"x6" Cylinder after Compressive Failure .. Note the Color Difference and Impregnation Up to One Inch from Surface 
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Fig. 12 Sulfur-Bath Setup for Surface Impregnation of Slabs and Cylinders 
Fig. 13 Acid Etched Section (Left) and Non Acid Etched Section (Right) from Partially Impregnated Specimen 
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Fig. 14 Ac i. Etch 
Specimen (R' ght ) . 
d Cpntrol Specimen (Left) and No te the Resistance of Sulfur 
Matrix 
Sulfur Impregnated 
Impregnated Cement 
Fig. 15 
of Core 
Acid Etched Section (Left) and Non-Acid Etched Section (Right) from Sulfur Impregnated Slab. Note Acid Resistance and Fractured Aggregates in Sulfur-Impregnated ~egion 
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